Interactions between proteins and clays perturb biological activity in ecosystems, particularly soil extracellular enzyme activity. The pH dependence of hydrophobic, hydrophilic and electrostatic interactions on the adsorption of bovine serum albumin (BSA) is studied. BSA secondary structures and hydration are revealed from computation of the Amide I and II FTIR absorption profiles. The influence of ionization of Asp, Glu and His side chains on the adsorption processes is deduced from correlation between p 2 H dependent carboxylic/carboxylate ratio and Amide band profiles. We quantify p 2 H dependent internal and external structural unfolding for BSA adsorbed on montmorillonite, which is an electronegative phyllosilicate. Adsorption on talc, a hydrophobic surface, is less denaturing.
INTRODUCTION
Adsorption of proteins on solid surfaces plays a major role in biomedical, technological and environmental applications (1) . The solid phase in soils has a large specific surface area and high adsorptive capacities for proteins (2) (3) (4) (5) (6) . The interaction of enzymes with soil mineral surfaces modifies their catalytic activity (7) (8) (9) (10) (11) (12) (13) (14) because of solvation and structural changes which occur upon adsorption (15) . Electrostatic, hydrophobic, and hydrophilic interactions between proteins and mineral surfaces induce structural changes on the adsorbed proteins (16) (17) (18) (19) (20) (21) (22) (23) (24) . The relative influences of these contributions on the degree of denaturation of the protein are not yet completely elucidated. In order to understand the weight of each interaction we have investigated the conformational changes of bovine serum albumin (BSA) on adsorption on two phillosilicates, montmorillonite and talc. The interesting property of these phyllosilicates is that they possess the same external chemical surfaces composed of siloxane groups, but differ in their surface electrical charge (25) . Montmorillonite has an electronegative surface caused by isomorphic substitution occurring mainly in the alumina octahedral sheet while the basal surface of talc is hydrophobic with no electrical charges.
Various spectroscopic techniques (NMR, fluorescence and circular dichroism) are currently used to study protein structural conformations in solution. FTIR-spectroscopy is best suited to compare secondary structures for proteins in solution, or adsorbed on a solid support (15, (21) (22) (23) (24) . In this way, we compared the conformational changes induced on BSA by adsorption, either on the hydrophobic and neutral talc, or on the electronegative montmorillonite. The influence of the pH on these structural modifications is analyzed in each case. HSA (26, 27) . For BSA in solution, or adsorbed in suspension, the balance between negative and positive charges changes with pH. The isoelectric point (i.e.p.) is 4.8.
MATERIALS AND METHODS
The clay-sized fraction (< 2µm) of a Wyoming montmorillonite, with a specific area of 800 m 2 /g, was saturated with sodium, then dialyzed, to give a salt-free suspension as previously described (10) . The surface is negatively charged with 1.25 10 -6 mol. m -2 . A talc from Luzenac, size fraction < 10 m, with a surface area of 18.5 m 2 /g and no surface electrical charge was used without preparation.
In order to shift the spectral absorption domain of water molecules bound to the polypeptide backbone of BSA out of the Amide I and II spectral range, all samples were prepared in 2 H 2 O medium (15, (21) (22) (23) (24) and 1800 cm -1 and from 6 min (minimum time for sampling) to 6 hours. Spectra of BSA in solution, or adsorbed on the clay surfaces were obtained from the difference spectra (BSA + buffer) -(buffer) and (BSA + clay + buffer) -(clay + buffer), respectively ( Fig. 1 ). All spectra are normalized on the maximum of the Amide I peak (15, (21) (22) (23) (24) . Important spectral changes were detected between 6 min and 2 h, but not after 2 hours. The present analysis refers to spectra recorded at 10 min and 2 h (Fig. 1) .
Curve fittings were performed in the 1500-1750 cm -1 region on the difference spectra slightly smoothed to cancel the absorption of residual vaporized water (3 runs of an iterative procedure on three points). Second derivative or curvature analyses gave 16 overlapping peaks at similar frequencies for any spectrum. Identical empirical half bandwidth at half height (12 cm -1 ) and profile (0.25 Gaussian /0.75 Lorentzian) were introduced to adjust all components to get the best-averaged fit for all spectra. These parameters are fixed. The leastsquare iterative curve-fitting program (Levenberg-Marquardt) only adjusts for each spectrum (Fig. 2) . The amount of remaining CONH peptide units at a given time is expressed in % of the overall peptide units in BSA (15, (21) (22) (23) (24) (Table 2) . Variations were less than 1 % for replicate samples. For BSA, a variation of 1 % corresponds to structural and/or solvation changes involving about 6 peptide units.
RESULTS
The %COO -for Asp and Glu side chains, peptide NH/N 2 H exchanges and relative intensities for peptide CO components, are quantified for BSA in solution at 2 concentrations (Tables 2, 3 ) and for BSA adsorbed on montmorillonite or on talc (Tables 4, 5 ). The effects of p 2 H are first analyzed in each case from spectra recorded when structural and solvation equilibrium was reached at 2 h. Then, the time-dependent processes from 10 min to 2 h are compared for solutions and adsorbed states.
Effect of concentration and p 2 H on structure of BSA in solution
For both solutions (30 and 4 g. L -1 ), the NH/N 2 H exchange is greatly enhanced at p 2 H below the i.e.p. (Fig. 3A) . This is correlated to increased direct hydration, which apparently results from significant -helix unfolding in relatively packed internal domains of the protein ( For BSA adsorbed on talc the NH/N 2 H exchange at the i.e.p. is weaker to that in the corresponding solution (Fig. 5B ). The exchange is larger for the adsorbed state at increased p 2 H. In addition, a break in the p 2 H profile appears around p 2 H 6 after 2 hours (Fig. 5B) , as was already observed after 10 min (Table 5) .
Amide I components
Diagrams in Figure 6 and 7 present the p 2 H dependence of the intensities of all the Amide I components for adsorbed BSA and the corresponding BSA solutions. Intensities reflect the amplitude of the conformational and solvation states of the polypeptide backbone after 2 hours.
Secondary structures
The amount of external and solvated -helices does not depend on p  H for either the adsorbed states or the solutions. However, adsorption on montmorillonite entails a loss in such helices, concerning on average ~ 10% of the backbone (Fig. 6A ). Denaturation is weaker for adsorption on talc with only ~ 4% of unfolding in external/regular helices (Fig. 6C ). The amount of bundled -helix domains and p 2 H dependent profiles for such structures differ considerably between solutions and adsorbed states ( Fig. 6A and C) . At the i.e.p., adsorption on montmorillonite strongly reduces the amount of bundled helices compared to the solution (~ 12%). Unfolding is much reduced at higher p 2 H when some His side chains deprotonate. In the similar p 2 H range, the amount of internal helical domains is also reduced for the adsorption on talc, but only in the 5.6-6.5 p 2 H range and less so than with montmorillonite. It should be noted that the p 2 H dependent profiles for bundled helices follow those observed for the decreases of the Amide II bands for both adsorbed and solution states. Unfolding of bundled/internal helical domains increases water diffusion inside the core of the protein (Fig.   5 ). At p 2 H < 7, -helix unfolding is concomitant with slight enlargement of bent domains for both adsorbed states compared to solutions (Fig. 6B, D) . In contrast, a peculiar decrease of such structure is noted with talc at p 2 H 7.3.
Random and self-associated domains
In solution, the amounts of free polar and hydrated peptide CO and of peptide CO in protein aggregation are the lowest in the 4.5-6.5 p 2 H range (Fig. 7) , while the extension of internal -helix domains is at a maximum (Fig. 6 ). This is not the case for either adsorbed state. Between p 2 H 4.8 and 6.7, helical unfolding on adsorption increases the amounts of self-association, free polar CO and hydrated peptide CO. Among the peptide units that are unfolded, those embedded in hydrophobic regions are probably responsible for the increase in protein selfassociation, the others in polar environments should become hydrated. On average, adsorption on montmorillonite entails a larger degree of protein self-association than on talc ( Fig. 7A and   C ). (Fig. 3E ). In these conditions the time-resolved study from 10 min to 2 hours shows specific slow structural transitions. A progressive unfolding of internal helical domains increases the amount of free peptide CO inside the protein and the direct backbone hydration (Tables 2, 3 ). At higher p 2 H when after 10 min, BSA is no longer self-associated and carboxylic functions all rapidly deprotonated, the time dependent structural and solvation changes are much weaker.
-on adsorption For BSA adsorbed on montmorillonite, slow processes are also only observed at low p 2 H. In this p 2 H range the discrepancies between solution and adsorbed states increase from 10 min to 2 h (Tables 2, 4) . After 10 min, the primary unfolding concerns external -helical regions (~ 7% of the protein) when several uncompensated R + external side chains are rapidly neutralized by the electronegative montmorillonite. At p 2 H 2.9 about 4% of the backbone located in external helical domains and 6% in internal domains unfold more slowly (Table 4) .
However in contrast with the solution, on adsorption the slow process does not entail backbone hydration, but strongly favor BSA self-association. In solution uncompensated positively charged side chains were assumed to create repulsive forces generating protein unfolding. After adsorption, because a proportion of the positively charged groups is held on the electronegative surface and because the carboxylic groups are protonated, repulsive forces between adsorbed adjacent BSA molecules are much less than for either the protein in solution at the same p 2 H or that adsorbed at higher p 2 H. Self-association is progressively favored.
In the p 2 H range studied, most of the structural transitions are already complete after 10 min (Table 5) . Adsorption on talc is mainly a fast process. This FTIR study gives information complementary to the NMR study performed on the same system (17, 50). The NMR approach was devised to measure the area of the interface between a BSA macromolecule and montmorillonite by following the release of a paramagnetic cation from the clay surface on protein adsorption. The paramagnetic cation released in the solution was detected by its interaction with orthophosphate by 31 P-NMR spectroscopy. It was calculated from these NMR data that the specific interfacial area of BSA on montmorillonite at the i.e.p. should be around 60 nm 2 . Since this value was compared to the pre-1992 model of serum albumin (51), which assumed an ellipsoid-shaped protein ("cigar-shaped") of 14 nm x 4 nm, it was concluded that at the i.e.p. there was no extensive unfolding of the BSA on the clay surface, since the observed and theoretical interfacial areas were very similar. This conclusion was thought to be erroneous when the X-ray structure of HSA was finally elucidated in 1992 (26) . The shape of HSA is in fact an equilateral triangle with sides of 8 nm and a depth of 3 nm ("heart-shaped"). Thus the interfacial area of contact of a serum albumin with native structure adsorbed "side-on" on a surface should be 28 nm 2 ,
which is approximately half the value observed by NMR spectroscopy. Thus, at this pH, the protein must be unfolded. The FTIR data presented here, showing an extensive modification of the secondary structure of the protein, support this hypothesis of an unfolding at the i.e.p.
This conclusion is in good agreement with the low structural stability of the serum albumins (16, 18) . 
Unfolding process for BSA adsorbed on talc
At p 2 H 4.8, in contrast to adsorption on montmorillonite and compared to the diluted solution, adsorption on talc only unfolds external helical domains. The helix-loss (~ 7% of the backbone) and the decrease in hydrophobic domains (2%) are balanced by increased polar (2%), hydrated (2%) and self-associated (2%) domains. BSA is adsorbed on talc via peripheral hydrophobic regions and maintains the same internal conformation as in solution.
Results for p 2 H 5.6, imply that adsorption on clay also involves one helical domain that was packed in solution, specifically in this p 2 H range. This domain should be amphiphatic. When its hydrophobic side chains are orientated towards the clay, the polar ones may drift out from specific internal location for BSA in solution. Self-association confirms that unfolded domains on adsorption contain hydrophobic segments. They also contain hydrophilic side chains to explain the larger hydration confirmed by greater water diffusion.
The unfolding of BSA due to its adsorption on talc (7-9%) is lower than the unfolding resulting from the adsorption of HSA on a reversed chromatographic phase grafted with hexyl chains (12%) (21) . The embedding of HSA hydrophobic side chains among the flexible grafted hexyl chains could perturb more albumin secondary structures than the approach of similar side chains of BSA towards the rigid oxygen network at the talc surface. 
Role of

